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THn TREATMENT of solvent effects is attracting ever growing interest in
computational chemistry because it marks the meeting of two mainstream develop-
ments in approaching chemistry by computation rather than by experiment: quantum
chemistry, which attempts to calculate molecular properties and reaction profiles
from first principles, i.e. by solving the Schrodinger equation for nuclei and elec-
trons, the building blocks of matter as far as the chemist is concerned; and molecular
meclwnics, which attempts at calculating macroscopic properties from microscopic
representations of matter by statistical thermodynamics, operating at a higher level
of aggregation than does quantum chemistry, aiz. that of atomic or molecular
building blocks. Interest from experimental chemistry is also bountiful, because
direct observation of microscopic key-events in condensed-phase experiments is
very difficult.
The computational approaches suffer from technological limitations in their
application. The first-principle methods are very detailed descriptions, rendering
these techniques very CPU and memory intensive, barring statistical thermody-
namic calculation of large samples; by stepping up a level of aggregation to molecu-
lar mechanics such calculations become feasible, be it at the expense of much detail.
The loss of detail may seriously undermine the physical meaning and interpretabil-
ity of the results. The problems with the physical meaning and interpretability of
statistical thermodynamic calculations lie especially in the description of the atomic
building blocks. Aithough the descriptors are cast in forms that are based on sound
theoretical analysis of intermolecular interactions, the numerical values, the parame-
ters, are usually fit to macroscopic properties, and thus the 'atoms' are not the same
as they would be in isolation, but effective macroscopic atoms. The fitting procedure
causes a mixing of physical effects to enter parameters that stand for clearly defined
interaction components, and thus obfuscates the analysis.
The approach followed in this thesis chooses the first-principle methods as the
starting point for building a molecular mechanics description of molecular aggre-
gates. In this way, a hierarchical description of the condensed phase is built up from
depth, retaining the physical meaning of the interaction energy components of the
molecules. An especially important feature of this approach is that it allows mixing
of the first-principles and molecular descriptions in a transparent and consistent
way. The mixing is necessary if one wants to describe processes that cannot be dealt
with without the quantum mechanics of the electrons and/or nuclei of at least part
of the system, such as the spectrum, electron-transfer processes, and reactions.
Starting with a clear-cut analysis of interaction at the level of nuclei and elec-
trons, criteria for both application and the building of molecular representations that
preserve the physical meaning of the parameters-distributed charges and
polarizabilities, completedby nd hoc repulsion parameters-are derived. The crite-
139
t40 MODELLING CONDENSED.PHASE SYSTEMS
molecules, i.e. they should be recognizable as such. The properties of interest for
building the molecular model are the electrostatic and electric response properties of
the molecules that can be obtained from the molecules in isolation, i.e. without
having to resort to the macroscopic.
The application of the molecular model to condensed-phase systems constitutes
a border-line case. The molecules are close, yet they are recognizable. Some special
measures have to be taken to prevent accidents due to the spatial extent of the
molecules. These may again be rooted in sound theoretical analysis at the deepest
level, or rather ad ftoc. Whatever choices are made, checking is necessary.
The outline of this thesis is the following. In Chapter 1 the analysis of inter-
molecular interactions from quantum theory is elaborated in the mathematical
language, emphasizing the assumptions underlying the transition from quantum-
chemical to classical representation of the molecules. The classical molecular
description in terms of the properties of isolated molecules is derived from the
quantum-theoretical formulas. The molecular electrostatic and response models are
introduced and put under some scrutiny as concerns the internal consistency and
limits of applicability. Chapter 2 provides the computational chemist with the tools
to put his ideas into action, as the implementation of the molecular model in combi-
nation with standard quantum-chemical is detailed on. Finally testing and applica-
tion of the molecular model to various chemically interesting systems is carried out
in Chapter 3. These include the water dimer and van der Waals complexes, solva-
tion, both aqueous and non-aqueous, and solvatochromism of acetone. It is shown
that the approach advocated by us provides a general and straightforward scheme
to attack very different systems. The treatment of the various systems is not always
entirely satisfactory, but at least the approach leaves little doubt about the improve-
ments necessary to obtain better agreement with higNy accurate ab initio calculations
and experiment. The chapter closes with an analysis of the nature of dielectric
behaviour, demonstrating that although the macroscopic is a result of the goings-on
of the microscopic, the microscopic may not be represented as a scaled-down macro-
scopic. Finally, a section for the interested readers commanding the Dutch language
is included presenting a broader introduction to quantum chemistry and molecular
models in the light of computational science as a means to study nature. The ideas
behind the approach chosen in this work are introduced by appealing to everyday
analogues.
The aim of the work presented in this thesis is to work toward a consistent,
sensible, and applicable model for condensed-phase phenomena, preserving physi-
cal meaning handed down by quantum theory. This approach is believed to be more
fruitful than approaches based on fitting to macroscopic properties because it is
more general and not hampered by mixing of separable effects in the molecular
descriptions.
